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ARSTRACT

Auger electron specivoscopy and chemical depth profiling by argon
sputtering werce employed to obtain the grain boundary segregation profiles
cf various alurinum alloys. Samples of Toth commercial (7075, 7050, and
7049} and high purity alloys bascd on the Al-Zn-Mg ternary in different
heat treatments were examined following in situ fracturing in the spectro-
meter. Scgregation profiles indicate that the grain boundaries in these al-
loys are considerably enriched in Mg and Zn., In commercial alloys, how-
ever, the grain boundaries are depleted in the minor elements Fe, Cu,
and Si. AlS spectra of oxide films formed on Al-7Z.,-Mpg alloys indicate
that the enhanced segregation along the grain boundarices results in a film
rich in Mg. It is postulated that incorporation of cxtensive amounts of
these alloying elements into the film renders it less protective and leads to
cnhancad hydrogen entry and embrittlemnent by stress corrosion cracking.

I. INTRODUCTION

Mechanistic studies carried out during the (past few years have
helped elucidate both the microstructural features 1-4) and environmen-
tal factors(®-8) associated with the propagation of stress corrosion cracks
in an Al-7Zn-Mg ternary alloy. Thesc studics led to the view that the rate-
controlling step in crack propagation, within the precipitate-frec zone
(PF7) of the ternary alloy, was the stress-assisted dissoluti of the
aluminum solid solution interspersed hetween the MgZinp part: _lcs at the
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grain boundary. Thus, a nun-gusceptible structure in thesc alloys was
identified as one containing a larse spacing hetween MgZnp particles,

Recently, however, the conclusioa that the SCC of high-strength
aluminum alloys cccurs by some form of electrochemical dissolution has
been challenged. The investigators(9, 11) who qucstion this view suggest
instead that cracking is due to some {form of hydrogen embrittlement,
Specifically. Swann and M01'1tgrain(9) cite experiments carried out within
a high voltage electron microscope in which an Al-Zn-Mg ternury suiferea
embrittlement in moist air. In this experiment, the MgZny precipitates
apparently were not dissolved and the crack passecd al ong the inccherent
interface between the grain boundary precipitates and one of the g-air 4.,
Although these results 1nay be crificized in that moist air doce not repre-
sent a rcalistin stress-corrosion environment, the onclusione have b en
supported hy both Spiedel(10) and Gest and Trojano' 1),

In an attemypt to distinguish between these two niodels, sae in-
fluence of leading mode 2n the stress corrosion suscept bility was
examined using a cortomiercial 7075-T6 ¢lloy. Here, the ratiorzle was
that the observation ol different susceptibilities under di‘ferent .ozading
modes would provide cvidence to support a metel vi cracking invelviung
the stress-assisted diffusion of hydrogen to interact with & crack tip“?).
Conversely, if eracking requires the breal down of surface {iims and/or
extensive dissolation then there should be less, if any, dependerce of
failuir e on loading mode.

The conclusion of this i.nvestigation“i) wea s that in fact both disso-
lution and hydrogen cmbrittlernent mechanisrms operate to promote
cracking, Of thesc, the hydrogen mect anism. ie ¢ominant, waite the dis-
solution process serves primarily to sum))ly the source of hydrogen,
Recent experiments by Scamans et al, (14) 4 the pre-exposure embrittle-
ment of Al-Zn-Mg alloys tend to reinforce ths conclusion.

Accepting this result, critical issues now re.ate to th:e interaction
of hydrogen with the deiailed microstructure of thie grain beundary rogion,
To understand this interaction, Auger clectron spectroscepy (AES) and
depth profiling by argon spu.tering have bceen emyployad to obtain detailed
information on the composition immediately adjzcent to the grain boundary,

A limited number of attemipts have been made to measure grain
boundary scgregation in hinary and ternary Al-Mg alloys by other inves-
tigators. For instance, Cundy et al. (15} dernonstratcd local My, enrich-
ment within 50C A of the grain boundary in a quenched binary Al-7 wt %
Mg alloy using the technique of combined electron mic oscopy and elec-
tron ¢nergy analysis. Using a similar tech iique, Doig ard Edington(l )
obtained compesition profiles of Mg across grain boundarics in a quenched
Al-Mg-7n alloy, These composition profiles indicated that the grain
boundarics in the brine-quenched samples were enriched in Mg while the
oil-guenched samplcs containing {ine precipitate along the boundarics
were depleted in Mg, Although the clectren microscopy-microanalysis
(EMMA) technique has a spatial resolution of 100 A, the resolution in
composition is only 0.5 wit %. Also, the compositional profiles weve




obtained on thinned samples (to make them transpareut to the clectron
beam) and may not Le representative of bulk samples,

Shastry and Judd(i?) employed clectron probe microanalysis to
obtain scgregation profiles on grain boundaries in Al-Zn-Mg alloys, The
extent of segregation was large (~7 pm) and the amount of segrepation
rather small. Probaniy, these results are in error due to limitations
in spatial resolution (a fow microns at the most) and in composition
determination, Differences in composition between the grain boundary
and grain interior were small and subjcct to large errors duc to instru-
mental drift ana background intensity variations, Further, the analysis
was performed only on the surface and not on {ractured samples.

The technigue of Auger ciectron spectroscopy, on the other hand,
is very surface sensitive and the comnmpositional information comes only
irom the {irst few atomic layers, When combined with Ar? ion sputtering
it becomes a powerful tool with good spatial and compositional resoluiion,
One drawback, however, is that the segregaiion profiles are obtained
from several grains and local variations are averaged, In spite of this,
ALS analysis provides valuable information on chemical composition
differences between the grain boundary and the interior. We have em-
ployed this technique to obtain segregation profiles in both high purity
Al-Zn- Mg ternary and cony .ercial allovs. The results of thesc experi-
ments and their significance to stress corrcsion cracking in high strenpgth
Al-alloys are deecriled in this paper.

I, EXPFERIMENTAL METHODS AND MATIERIALS

The instrument used for the AILS study is a 1’hysical Electronics
Model 548 Auger/ISCA spectroracter, which features a double-pass cylin-
drical mirror analyzer and an ultra high vacuum system (UIlV)., The
Auger signal is excited by a b KeV primary clectron beam {rom an elec-
tron gun housed coaxially inside the analyzer. Most ALS measurements
are made with a {ocussed heam ot 200 211 diameter and 50 to GO LA
current, The system is equipped with an Art jon sputtering gun, capable
of producing 2 3¢V ions, All the cxperiments were conducted under a
basal pressure of less than 5 x 10710 torr, except during ion sputtering,
During sputtering, the ULV system is {illed with pure argon to a pressurc
of 5% 10-5 torr, while liguid nitrogen is used to cool the lower scction
of the UV system via a cryo-design to further trap oxygen and other
impurity gases, The system has a multiplex unit, wbhich enables onc to
plot the peak-to-peak height of six different Auger peaks consecutively,
and is indispensable for monitoring depth profiles. A fracturce device,
utilizing a shear-to-brecak configuration was used for in situ fracture
cxperiments,

To obtain quantitative information from the depth profiles, the
peak-to-peak heights of the elements were expressced as a ratio of the
peak-to-peal height of the matrix clement Al{1390 ¢v). Conversion from
such ratios to approximate atomic percentanes requires the use of cle-
mental sensitivities. The peak-to-peak height ratios were then norma-
lized by using the sensitivity factors listed in the “landbook for Auger
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Electron Spectroscopy'' by Physical Electronics Industries (1’HI), Inc.
We realize that there are pitfalls associated with this comparatively
simple approach especially if the elements are not distributed uniformly
within the sampling depth. The typical sampling depths at the most
prominent Auger peaks for the two elements of intercst, Mg and Zn are
several atomic layers and as long as the segregation is not confined to
only one monolayer such a procedure is recasonable, Anether source of
error is that the scensitivity factors listed in the lJiandbook were obtained
from either purc c¢lements or compounds and not from solid solutions,
Thus, we point out that although this procedure will not alter the quali-
tative trends in the depth profiles the exact values at any given depta
may be slightly in error,

The materials used for the AES studies were a high purity
Al-Zn-Mg ternary alloy in various heat treated conditions, and the high
strength alloys, 7075, 7050, and 7049, The high purity ternary usad
for thesc investigations had a nominal composition of 5.5 wt % Zn and
2,5 % Mg. Strips 1 mmm thick were solution trezsted in dry argon at a
temperature of 475°C for 10 mirs, ard 2 hrs, and water quenched, The
grain sizes for the two solution treatments were 0,08 and 0,25 mun
respectively, The quenched samples werce then heat treated at 130°C
and 160°C for 0, 44, and 22 hrs. to obtain the under-, peak-, and over-
aped conditions., Small strips were cut {rom the saruples, notched and
transfcrred o the spactrometer. In spite of repeated attemipts, the
large grain size samples coucld not be fractured in the spectrometer,
Hence, grain boundary concentration profiles could only be obtained on
the small grain sizec samples,

ATLS studies were also conducted on the commercial alloys in
different tempers. Specifically 7075, 7049, and 7050 Al-alloys in T73
and T76 tempers were employed, The detailed chemical composition of
the alloys is listed in Table 1.

1L, RIsULTS

1. Iligh Purity Ternarvy Alley:

A scanning electron micrograph of the fracture surface of the
fine-grained ternary is shown in I'ig, 1. JFracture is clearly intergranu-
lar. The clectron beam used for the A S measurements is roughly 200
in sizc and undar these conditions an average of & to 8 grains will be
analyzed. The fracture surface also has a macroscopic roughness which
might influence the AES measurements and the chemical depth profiles
to soma extent, llowever, there is no casy way to take this into account.

A typical Auger spectrum taken from the fracture surface of the
ternary alloy, quenched and aged at 1602 C for 4% hrs, is shown in ¥ig. 2.
The spectrum indicates the presence of the major alloy additions, Mg and
Zn. The goain Loundary depth profiles obtained on the ternary alloy in
different heat treated conditions are shown in Figs. 3 and 4. The age-
hardening curves at these two temperatures are superimposed on the
profiles. Under all hcat treatment conditions therce is marked segregation
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of Zn and Mg to the grain boundaries. The extent of segregation is _
rouphly 250 to 500 Aand the grain boundary concentrations are scveral 3
times the bulk concentrations. These results are in agreement with

some of the results obtained by Cundy ct al, (15) and Doig and Edingtonub),
but completely at variance with the results of Shastry et al, (17, Shastyvy
and Judd observed solute scpregation to extend as far as 7 pm from the
boundary. This discrepancy is most probably duc to spatial and compo-

sitional resolution limitations of the microprobe employed and the fact J
that the analysis was carricd out only on tne alloy surface, )
-

Although the depth profiles arc sensitive to heat treatment, the ]
changes are rather sinall. Also, the elecctron beam averages information k
over an area scveral grains in diameter and local changes in the segre- 3
gation profile may well be obscured. The relatively minor changes in i

the overall depth profiles as a {unction of heat trcavment may include
rather large changes in local segregation. Ia spite of this, certain
features of the chemical depth profiles provide valuable information.

For instance, the depth profiles aglso include infoermation from
the MgZnp particles on the g:ain boundaries. Remaembering that the
depth profiles arce normalized to an Al neak-to-peak height of 106, the
amount of Mg shouid only be abouf one half of that of Zn if the segregation
profiles wes e exclusively due to contributions {from the sccond phase
particles, This, however, is not the case. In almost all cases {he grain
boundarics conlain excess Mg, The significance of this observation an?
its relavence to siress corrosion cracking will bhe discussed later,

2. Commercial Alloys:

A typical Auger spectrum {rom a 7075 173 alloy is shown in .
I'ig. 5. In addition to the principal alloying additions, Mg and 7n,
small amounts of Fe, Si, and Cu arc present, The normalized depth
profiles for 7075 in twe different tempers, T73 and T76, are shown
in Fig. 6. An interesting obscrvation is the difference in the segrega-
tion patterns of the minor avd major alloying additions. The grain
bouncarics, wawe vatrichod i the moior 2loying additions, Mg and Zn
arc dcepleted in Fe, Cu, and Si. The minor elements show an inversce
scgrepation prof11(:. This difference in the segregation profiles was
obscrved in all commercial 7000-serics alloys.

g, 7is an Augcer spectrum from a 7050-1T73 alloy. Notice the
larze¢ anwount o, Pb present in the spectrum, Pb is a comnon impurity
in 'n and is 1 esent in most commercial alloys. However, the large
an ounts of T b abserved in both 7050 and 7049 alloys were not observed
i1: the 7075 alloys. The rcasons for this difference appcar to be related
t. produ.tior practices at the mill. Yor example, most heats of the
newer alloy: are inade {rom purc comnonents or master alloys, where-
as 7075 is generally prepnred with some proportions of scrap.

]

Chemical depth profiles for the 7050-T73 and 7050-T76 alloys arc §
presented in I'ig. 8. The grain boundarics are enriched in Mg, 7Zn, and 5
Pb and depleted in e, Cu, and Si, Qualitatively the profiles are similar h
to those observed in other commercial alloys except for the large amounts ki
of ’b present at the grain boundaries.
3
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AES measurements were also made on the 7049-773 and 7049-T76
alloys and the results are shown in Fig. 9. Once again the composition
profiles are very similar to those observed in the 7050 alloys. The grain
boundaries are enriched in Mg and Zn and depleted in Fe, Si, and Cu,

IV, DISCUSSION AND CONCLUSIONS

Strvess corrosion cracking is the result of 2 complex intcrplay
between the alloy and the environment. Recent evidence(9,11,13) seems
to indicate that hydrogen embrittlement is one, and perhaps the dominant,
of the mechanisms in stress-corrosion cracking. Accepting this evidence,
it is essential to congider the {ollowing:

i) Generation of hyd:ogen
ii) Entry of hydrogen through the protective surface film
and  iii) Concentration of hydrogen in a localized region to cause

embrittlement,

Ilach of these critical steps is governad by the interaction between the
bulk microstructure, the grain boundary microstructure and the environ-
ment. For example, the ability of the alloy to concentrate hydrogen in a
local region for a given leading mode is enhanced by higher yield strengths
and planar slip modes. This would explain why alloys in the peak-aged
condiilon a1 e most susceptible, DIintry of hydrogen in the proximity of

a grain boundary is controlled by the oxide {ilm wkich, in turn, is deter-
mined by the chemical composition adjacent to the grain boundaries. The
generation of hydrogen is also controlled by the interaction between the
environment and the grain boundary microsgructure.

The AES studics have yiclded an improved picture of the segre-
gation effects at the grain bhoundaries. The qualitative aspects of the
scgregation patterns are quite siinilar in many of the commercial alloys
studied so far. I might b arguesd that it is difficult to reconcile rcla-
tively small changes in scpvepation with large differences in suscepti-
Lility{19), Clearly, scercgation is only onc of the many variables in
the coinplex material/envivomment interplay leading to stress corrosion
cracking and cannot expial 1thie compleie stress-corrosion cracking
behavior, Yet, there studics have indicated extensive segregation of
Mg and Zn to the grain boundarics in all cases, Scgregation influences
not only the local clectrochanistry of the grain boundary region but
also the nature of the oxide film. Since pure aluminum oxide is a very
ettectave barricy against Fodropgen dissociation and enh'y(zo), it {ollows
that incorporaticn of the various alloying additivons thot are 2eprcegated
near the grain bovndary into the film will probably reduce its pretective
nature. Clearly, extensive incorporation of Mg into the film woeuld
rosult in a less - rotectiive film since magnesium is considerably more
soluble than aluminum over n:utral and the mildly acidic pH l‘anges(?‘l)
typical of that present at propagating crack tips. This reduces its
ability to serve as an cffective barrier apainst hyarogen dissociation
and entry, as illustrated schernatically in 1I7ig. 10.

To establish the validity of thesce ideas some preliminary results
obtaired on the composition of the oxide filrns formed on the high purity

A




ternary alloy are prescented, The as-received sample was hicat treated
at 4759C fo~ 10 minutes in dry argon, water quenched and transferred
immediate.y into the spectrometer. A typical AES spectrum s shown

in Fig. :1. Notice the extremely large amount of Mg present in the
oxiuw., The Mg to Al peak-to-peak height ratio is 3, 64 -- in other words,
the Mg content of the oxide exceceds that of Al, On the other hand, the
Zn to Al peal-to-peak height ratio ic only about ,048. Although the
atomic ratios of Mg and Zn are roughiy the same, the amount of Mg in
the oxide film is disproportionately high,

Further studies now underway suggest that the Mg content of the
films is sensitive to heat trcatment, grain sizec, storage conditions, and
the relative humidity of the environment. In addition to changes in the
average Mg content of the filin there arc large local variations in a given
sample. These local variations scem to fall into two types of arcas, Mg
rich and Al rich, and scem to have a definite correlation with the grain
sizc¢. This would be expected if the segregation of Mg induces large
changes in the local composition of the {ilm,

To summarizea, AlXS studies show that the alloying elements Mg
and Zn arc heavily scgregated along the grain boundaries. This segre-
gation induces dramatic changes in the composition of the {film, For
cqual atomic concentration Mg plays a more dominant role than Zn,
These composition changes are scnsitive to alloy and environment vari-
ables. It is postul-ted that a film locally enriched in Mg, particuiarily
along the grain boundaries will be less effective as a barrier against
hydrogen dissociation and entry and enbarces hydrogen cmbrittlement
and stress corrosion cracking. Such enrichment weould be critical to
both the initiation and propagation of 5CC cracks,
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Detailed chemicsl composition in weight percent of
the 7000 se.ies alloys used for the AES measure-

ments.

Alloy 7075 7050 7049
Si 0.08 .05 0.08
e 0.11 .10 0.09
Cu 1.4 2,3 1.5

Mg 2.4 2.4 2.49
Zn 6. 05 6.55 7.75
Y 0.00 0.02 0,04
Cr 0.20 0.03 0.21
VAS 0.00 0.12 0.00
Mn 0.01 0.01 0.01
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The grain size is

iry alloy,

[

Scanning clectron micrograph of the fracture surface of a guenched

and apced high purity Al-7n-Mptern

approximatcly 0. 08 mun (x100),

B
—
3 [] = i k-3 1 g ¥ « § [ ® ¥ 2 b & ; iy i . ) *® E] Y » s = » P s oy oy
e m & toR I | R | LI - LI LI t L] ' b 4 " LI LR | LSS ) [ ] sl ——— a—w— e
» N A O T CY b et S ..r_uﬁwwﬁr&ﬁaui‘“
-
e i e o ——— e g Timen R 2D - - -




*Lojre Lxewaoy Ly1xad ydy pade pue paijouonh v
JO OLRRING 2aANGORAT VY] WOT] WNEdAds ud1}o9]0 JoSuy jeotdA L

A8 ‘ADYINI NGYLIT3
0091 00%1 0021 0001 008 006 00r 002 0
| i T 1 T T T T
v
IV
Xn01
i
S uz | 3PINP
| . ; )

Y

|

Aleultal by-uz

-1Y
wn.ipeds S3V|

N L T

%“\\f}.&\?.\




PPy ————

KA ————— R

L

o

)

Peak to Peak Amplitude  Arbitrary Units

3.

Depth Profile of Mg in
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Function of Heat Treatment
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o Numbers Denote Aging Time (hrs. ) at 130°C
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Chemijcal depth profiles for Mg in Al-Zr-Mp ternary alloys as o
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4.

Peak 16 Peak Amplitude. Artitrary Units

Deptn Profile of Zn 1n Al- Zn-Mg
Ternary as function of
17 Heat Treatment
-
10} Numbers Denote Aging Time thrs. ) at 130°C
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0
oo 13000
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12 -~ 140
QU
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Chemiical depth profiles for Zn in Al-Zn-Mg alloys as a function
The aping curves are supevimposcd.
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SCHEMATIC

ROLE OF OXIDE FILMS IN
STRESS CORROSION CRACKING CF ALUMINUM ALLOYS

Uniform or thinner film

Role of CI” on | at grain boundaries
Problem of H, film breakdown Composition and cefect structure
dissociation on oxide \ e
\\ — i _—
Oxide as barrier S e
to Hy ingress N -
/ r_'_ /
/ / /
/ /
/ Segregation effects
/ -~ ;
Y. ™~ fe, Si,Cuincrease
Ease of deformati i . .
’ Wfitheinr;;_ztton / Mg, Zni decrease in 7000 series
Z ’},\, .
. ' y, o
/ /) =2 Hy embrittiement
’ /
,
/

Preferential dissolution of MaZn,

10. A schematic diagram of phenomena and processes associated with
the initiation and propagation oi siress corrosion cracks in high
strength Al alloys,
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